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Abstract: Nowadays, biocatalysts have received much more attention in chemistry regarding their
potential to enable high efficiency, high yield, and eco-friendly processes for a myriad of applications.
Nature’s vast repository of catalysts has inspired synthetic chemists. Furthermore, the revolutionary
technologies in bioengineering have provided the fast discovery and evolution of enzymes that
empower chemical synthesis. This article attempts to deliver a comprehensive overview of the
last two decades of investigation into enzymatic reactions and highlights the effective performance
progress of bio-enzymes exploited in organic synthesis. Based on the types of enzymatic reactions
and enzyme commission (E.C.) numbers, the enzymes discussed in the article are classified into
oxidoreductases, transferases, hydrolases, and lyases. These applications should provide us with
some insight into enzyme design strategies and molecular mechanisms.
Keywords: regioselectivity; stereoselectivity; biocatalyst; enzymatic reactions; protein engineering

1. Introduction
1.1. A Brief History of Enzymes and Their Application
Currently, enzymes are applied extensively in many fields, including the food, medical, chemical,
and cosmetic industries [1]. Following their discovery in the late 18th century, enzymes were
predominantly employed to produce digested food for humans and animals. The concept of catalysis
was well defined in the middle of the 19th century when scientists started to study the mechanism
of catalysis and the relationship between chemistry and biology. The study of enzymes bloomed
in the 20th century. Models resulting from the further study of enzyme kinetics, including the
Michaelis-Menten equation, provided more insight into how enzymes work in reactions in vitro and
in vivo. Mechanistic studies led to the discovery of the enzyme-substrate intermediate and the first
crystal structure of an enzyme (lysozyme), which marked huge milestones in the history of science and
technology [1]. At the same time, more and more enzymes were applied in clinical trials, which led to
the discovery of many therapeutic enzymes, like collagenases to treat skin ulcers [2] and antibody-drug
conjugates to treat cancer [3]. In addition, enzymes started to play an important role in producing
organics like polymer materials and inorganics used in treating wastewater in the chemical industry [4].
During this time, enzymes were also widely applied in the cosmetic industry, helping to produce body
care products such as skin protective and soothing agents [5].
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Among enzyme applications, utilizing enzymes as a catalyst in an organic reaction to obtain the
specific target product is ubiquitous in the chemical industry. The advantages of using enzymes instead
of the traditional chemical catalyst include higher stereoselectivity, higher yield, higher efficiency,
and less waste [4]. In addition to the advantages of enzyme application, there are several drawbacks
of applying enzymes in this industry. Enzymes are sensitive to the temperature and pH of the
environment, and their activity is changed drastically with the changes in the parameters. The cost of
isolation and preparation of enzymes is high. Furthermore, a lack of long-term operational stability
and the difficulty of their recovery or reuse discourage their wide application [6]. To circumvent
these issues, three methods of enzyme immobilization have been developed, including binding to
a support (carrier), entrapment (encapsulation), and crosslinking [7]. With the increasing number
of techniques to solve these problems, the application of enzymes has become an essential part of
industrial development and will continue to make significant contributions.
1.2. A Brief Introduction to Regioselective and Stereoselective Reactions
A critical advantage related to the three-dimensional structure of enzymes is that they catalyze
the reaction in which a target functional group is inserted into a specific position of the reactant.
Compared to traditional organic synthesis, the product obtained from an enzymatic reaction usually
leans towards a selective structure with a specific configuration [8]. Two main types of selectivity
are often observed in enzymatic reactions: regioselectivity and stereoselectivity. Regioselectivity
refers to the preference of a functional group to bond to one atom over another atom in the reactant,
while stereoselectivity indicates a favoring of one stereoisomer over another stereoisomer. Related
to stereoselectivity, “enantioselectivity” is defined as the preference for producing one enantiomer
over another. Regioselectivity and stereoselectivity exist ubiquitously in the plant, animal, bacterial,
and fungal kingdoms. A known example is melanin, which functions as a pigment and as a
radiation protection agent [9]. Tyrosinase catalyzes the hydroxylation of L-tyrosine to regioselectively
produce L-DOPA in the melanin biosynthesis pathway [10]. Another important compound existing in
humans is norepinephrine (NE), whose main functions are as a hormone and as a neurotransmitter.
In its biosynthesis, a dopamine-β-hydroxylase inserts a hydroxyl group to β-carbon on the side chain
of dopamine, stereoselectively producing an R-enantiomer [11].
To date, more than half of the small molecule drugs in clinical use are chiral, but the chirality of
drug structure was not valued initially [12]. People started to spotlight chiral drugs following the
huge thalidomide tragedy that occurred in the 1960s. Thalidomide entered the market in 1957 to
treat insomnia and morning sickness as an over-the-counter drug and soon expanded to markets in
46 countries. Four years later, the side effect of severe birth defects was associated with thalidomide.
Use of thalidomide by women during pregnancy was linked to the delivery of babies with shortened
or flipper-like limbs [13]. More than 10,000 cases were reported, with 40 percent of families losing
their babies and those who survived having additional problems such as dysmelia, facial anomalies,
and systemic anomalies [14]. Stereochemistry figures into this tragedy because thalidomide sold in the
market was a mixture of two stereoisomers, R- and S- forms. R-enantiomer was therapeutically active,
while S-enantiomer caused severe side effects. The thalidomide disaster prompted changes to US-FDA
regulations that tightened restrictions surrounding the surveillance and approval process, including
requiring manufacturers to provide all data on the safety and effectiveness of a drug, including the
evaluation of the absolute stereochemistry as part of the approval process [15].
The broad application of enzymes in stereochemistry drives the rapid development of chiral
compounds, expanding the drug candidate pool and opportunities to obtain a therapeutically active
drug. Herein, we provide a brief overview of the application of enzymes in regioselective and
stereoselective reactions, which also involve enantioselective reactions.
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to
the high carbon–hydrogen
bondare
strength
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kcal/mol) and
activation
Therefore,
Cytochrome
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difficult
to hydroxylate
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hydroxylations bond
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some
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the use Therefore,
of cytochrome
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activation
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to initiate the electron
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molecules.
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P450 enzyme
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rely on enzymatic
catalysis,
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require cytochrome
the use of cytochrome
exploited
for the
this electron
purpose transfer
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P450
BM-3, anAenzyme
that
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as a cofactor
P450s
to initiate
between
molecules.
common
cytochrome
enzyme and
imitates
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thean
cofactor
increases
theheme
chemical
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formonooxygenases.
this purpose is cytochrome
P450 that
BM-3,
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that uses
as a reaction
cofactorrates
and and
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the enzyme to function
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Thus,
monooxygenases
are chemical
essential to
synthetic
chemistry
imitates
monooxygenases.
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that
the cofactor
increases the
reaction
rates
and
to not
only increase
efficiency
but also
enable
a reaction within
the constraints
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living system,
allows
the enzyme
to function
efficiently.
Thus,
monooxygenases
are essential
to synthetic
such
as increase
temperature
or excessive
amounts
substrate.
The modification
of biocatalysts
for natural
to not
only
efficiency
but also
enable of
a reaction
within
the constraints
of a living system,
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in biochemistry
There has been
much work
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suchsynthetic
as temperature
excessivefield
amounts
of substrate.today.
The modification
of biocatalysts
fordone
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modification
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that perform
hydroxylation
engineering
of these
synthetic
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in biochemistry
today.reactions.
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much work
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to modify
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such as regioselectivity,
enantioselectivity,
modification
of enzymes
that perform
reactions. stereoselectivity,
The engineering and
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of the P450 BM-3
enzyme. Other enzymes
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to modify
such
as regioselectivity,
stereoselectivity,
and
being studied among
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hydroxylation
reactions
include
heme-containing
as the
enantioselectivity,
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on different
variationsbiocatalysts
of the P450such
BM-3
PikC Other
enzyme.
Variations
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the P450for
BM-3
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improve its industrial
since it is capable
enzyme.
enzymes
being
their
reactionsapplications
include heme-containing
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WT/L407C-Ru1, hydroxylates 10-undecenoic acid exclusively at the allylic position. The reaction
of
hydroxylating
alkanes
[30]. A light-activated
hybrid P450 BM-3, WT/L407C-Ru
obtains
the highly
enantiomerically
enriched (R)-9-hydroxy-10-undecnoic
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85% ee [31].
1 , hydroxylates
10-undecenoic
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at
the
allylic
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the
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enantiomerically
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enriched
acid
in 85%9-10A-A328V
ee [31]. Moreover,
cytochrome
BM-3
extracted
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total
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to produce
R-2-alcohols
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In another
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a cytochrome
BM-3
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producedinto40%–55%
aid in the
production of
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P450
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drug. The
enzyme
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site-directed
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indirubin,
an
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drug.
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enzyme
was
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using
site-directed
saturation
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instead by
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which
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by enzyme
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to
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C-3
to
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[32].
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to
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and butyl
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When
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F87A mutation,
the total
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numbers
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(TTN) increased
its highest with
amount
of 1640.
This enzyme
obtained
a propyl
mandelate
in 93% ee.
its
highest
amount ofis1640.
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in the
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In the
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reproduce
NADPH
cofactor. of
Mutagenesis
and alcohol
screening
helped us to achieve
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for the
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and
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al. experimentally
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product
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increase enzymatic
reaction rates
[36].
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reaction
rates [36].toThe
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accomplished
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overall
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that
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enzyme
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P450
BM-3
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and BM-3
coworkers
to
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to site-select
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oxidation
without
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resultsmajor
have
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to
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[37]. of traditional chemical syntheses [37].

Scheme 4. Oxidation of 1-hexene by P450 BM-3.
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Experimentation
Experimentation with
with intermolecular
intermolecular nitrene
nitrene transfer
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accomplished by
by utilizing
utilizing the
the cytochrome
cytochrome
P450
BM-3
enzyme
found
in
Bacillus
megaterium
was
performed
by
Farwell
et
al.
The
catalyst
allows
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intermolecular
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transfer
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P450 BM-3 enzyme found in Bacillus megaterium was performed by Farwell et al. The catalyst
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for
the
intermolecular
insertion
of
nitrogen-containing
functional
groups
into
thioethers
P450
BM-3
enzyme
found
in
Bacillus
megaterium
was
performed
by
Farwell
et
al.
The
catalyst
allows
for
for the intermolecular insertion of nitrogen-containing functional groups into thioethers and
and
subsequently
sulfimides.
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that
heavily
impact
the
reaction
are
the
electronic
properties
the intermolecular
insertion
of nitrogen-containing
functional
and subsequently
subsequently
sulfimides.
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the groups
reactioninto
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the electronic
properties of
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the
substrates
used,
which
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and
the
amino
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groups
attached,
which
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that
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impact
the
reaction
are
the
electronic
properties
of
the
substrates
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vary
rate
and
stereoselectivity
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which
reactivity,
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which can vary
and
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the
ratecan
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stereoselectivity
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the sulfimidation
sulfimidation
reaction.
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may the
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impact
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formation,
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that
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stereoselectivity
of theas
sulfimidation
reaction.
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formation,
as
sulfimide side
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indicating
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into
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of
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redox
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group,
in
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that
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only permit insertion into reactive sulfides. The orientation of the redox state heme group, in either
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state
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the
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of
cytochrome
P450
BM-3
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the
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and
the
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the
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group,
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the heme group, helped to determine the nitrene transfer, but the usage of cytochrome P450 BM-3
allows
for
nitrene
of
[38].
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the nitrene transfer,
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P450 BM-3
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nitrene transfer
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in the
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sulfimidation
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Enzymatic
mutation
also
proved
to
alter
cyclopropanation
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nitrene
transfer in
the form
of sulfimidation
Enzymatic
mutation
also
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cyclopropanation reactions dealing
dealing with
with aa heteroatom.
heteroatom.
Cytochrome
P450
BM3
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were
engineered
to
catalyze
the
cyclopropanation
of
heteroatomEnzymatic
mutation
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to
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cyclopropanation
reactions
dealing
with
a
heteroatom.
Cytochrome P450 BM3 variants were engineered to catalyze the cyclopropanation of heteroatombearing
alkenes.
Cytochrome
P411
had
the
capability
of
synthesizing
heteroatom-bearing
Cytochrome
P450
BM3
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to
catalyze
the
cyclopropanation
of
heteroatom-bearing
bearing alkenes. Cytochrome P411 had the capability of synthesizing heteroatom-bearing
cyclopropanes.
Furthermore,
evolved
P411
nitrogen,
oxygen,
alkenes. Cytochrome
P411 had
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of synthesizing
cyclopropanes.
cyclopropanes.
Furthermore,
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P411 provided
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oxygen, and
and sulfur-cyclopropanes
sulfur-cyclopropanes
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diasteroselectivities
and
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With
certain
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Furthermore,
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and
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withparent
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a
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and
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substituted
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of
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(Scheme
5).
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possibly
responsible
for
producing
3-OH-5-Me-Tyr
from
3-Me-Tyr.
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to
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the
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of
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of
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peroxide
and
an
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family
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3-OH-5-Me-Tyr from
3-Me-Tyr.
This has
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for
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biosynthesis
ofproducing
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family
members
[40].
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wild-type
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for
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biosynthesis
of
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family
members
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is
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to
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via
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amino-hydroxylation.
This enzyme
enzyme
is
thermally
stable
and
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via direct
amino-hydroxylation.
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high
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turnovers
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2500 and
and
90%
ee
conditions
Sello
et
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that
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turnovers
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and 90%
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styrene
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into
conditions
[41].
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(Scheme
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turn
a
styrene
substrate
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epoxide
via
coli
containing
monooxygenase
from
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epoxide
into enantiopure
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oxidized
into enantiopure
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via an
E. coli
enantiopure
phenyl
epoxide
via an
an E.
E.
coli
containing
monooxygenase
fromphenyl
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fluorescens.
The
epoxide
then
reacted
with
a
nitrogen
nucleophile
to
open
up
the
ring,
leaving
an
alcohol
group
and
an
amine
containing
monooxygenase
from
P.
fluorescens.
The
epoxide
then
reacted
with
a
nitrogen
nucleophile
then reacted with a nitrogen nucleophile to open up the ring, leaving an alcohol group and an amine
group.
indicated
2-amino,
1-,
2-phenyl
ethanols
were
produced
with
high
to openTheir
up thework
ring, leaving
an that
alcohol
group and
an amine
group.
Their work
that
2-amino,
group.
Their
work
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that
2-amino,
1-, and
and
2-phenyl
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wereindicated
produced
with
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1-,
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produced
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and
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good
yields
[42]. with high enantiopurities and in good yields [42].
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Scheme 6.
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of nitrogen
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to epoxides.
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Scheme
6.
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addition
of
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to
epoxides.

A three-enzyme tandem
tandem reaction was
was used to stereoselectively synthesize γ-oxyfunctionalyzed
A
A three-enzyme
three-enzyme tandem reaction
reaction was used to stereoselectively synthesize γ-oxyfunctionalyzed
γ-oxyfunctionalyzed
amino acids (Scheme
(Scheme 7). Combining
Combining N-acylamino acid
acid racemase (NAAAR),
(NAAAR), L-selective aminoacylase
aminoacylase
amino
amino acids
acids (Scheme 7).
7). Combining N-acylamino
N-acylamino acid racemase
racemase (NAAAR), L-selective
L-selective aminoacylase
from
from Geobacillus
Geobacillus thermoglucosidasius,
thermoglucosidasius, and
and isoleucine
isoleucine dioxygenase
dioxygenase from
from Bacillus
Bacillus thuringiensis
thuringiensis paired
paired
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from Geobacillus thermoglucosidasius, and isoleucine dioxygenase from Bacillus thuringiensis
paired
with dynamic
kinetic resolution
allows
racemic N-acetylmethionine
to to
beL-methionineconverted to
with dynamic
kinetic resolution
allows racemic
N-acetylmethionine
to be converted
L-methionine-(S)-sulfoxide,
withexperimental
a very high experimental
of 97%
and 95%
de underconditions.
optimized
(S)-sulfoxide,
with a very high
yield of 97% yield
and 95%
de under
optimized
conditions.
The
three-enzyme
cascade
reaction
results
in
the
separation
of
the
oxyfunctionalization
The three-enzyme cascade reaction results in the separation of the oxyfunctionalization step from the
step from kinetic
the dynamic
kineticstep,
resolution
which
makes itfor
possible
each enzyme
the
dynamic
resolution
whichstep,
makes
it possible
each for
enzyme
to worktoatwork
the at
ideal
ideal temperature
temperature
[43]. [43].

Scheme 7. BtDO catalyzes
catalyzes the stereoselective
stereoselective γ-specific oxidation
oxidation of aliphatic L-amino acids such as
L-methionine (above) and several branched-chain amino acids (below).

one-pot biocatalytic
biocatalytic total
total synthesis
synthesis reaction
reaction was employed to synthesize
A stereoselective, one-pot
bisorbicillinoid natural
natural products
products and unnatural side-chain analogues by utilizing recombinant
bisorbicillinoid
oxidoreductase SorbC from the
Applying an enzymatic
oxidoreductase
the sorbicillin
sorbicillin biosynthetic
biosynthetic gene
gene cluster.
cluster. Applying
oxidative dearomatization
dearomatization or
or dimerization
dimerization cascade
cascade allows
allows for
for the
the direct
direct preparation
preparation of
of sorbiquinol,
sorbiquinol,
oxidative
trichodimeral, and disorbicillinol and the synthesis of bisorbibutenolide. The bio-enzyme SorbC has
stereoselectivity that
thatallows
allowssynthetic
syntheticaccess
accessfor
fornatural
naturalproducts.
products.
et al.
found
high stereoselectivity
SibSib
et al.
alsoalso
found
thatthat
the
the spontaneous
formation
of bisorbicillinoids
canaccomplished
be accomplished
without
biocatalysts,
indicating
spontaneous
formation
of bisorbicillinoids
can be
without
biocatalysts,
indicating
that
that natural
the natural
compounds
produced
assembledininnon-enzymatic
non-enzymaticnatural
natural producers.
producers. More
the
compounds
produced
cancan
be be
assembled
investigation is in progress to determine the full synthetic potential
potential of
of the
the SorbC
SorbC enzyme
enzyme [44].
[44].
team (Scheme
(Scheme 8)
8) developed
developed aa new
new strategy
strategy to
to engineer
engineer myoglobin
myoglobin
In 2016, Priyanka Bajaj and her team
variants that increase the synthesis of 1-carboxyl-2-aryl-cyclopropanes with trans- (1R, 2R), a product
improved the essential
used in conjunction with its stereo complement of trans- (1S, 2S). This method improved
asymmetric
cyclopropanation
utilized
in
drugs
(such
as
Tranylcypromine,
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asymmetric cyclopropanation utilized in drugs (such as Tranylcypromine, Tasimelteon, Ticagrelor,
and a TRPV1 inhibitor), thereby showing that the additive mutations of myoglobin gave way to the
higher control of stereoselectivity in cyclopropanation
cyclopropanation reactions
reactions [45].
[45].

Scheme 8. Activity
Activity and
and selectivity
selectivity of
of representative
representative myoglobin
myoglobin variants
variants for
for styrene
styrene cyclopropanation
cyclopropanation
with ethyl-α-diazoacetate (EDA).

2.2. Transferases E.C.2
2.2.1. Enzymes Applied for Alkylation
Polymethoxy flavonoids (PMFs) have shown myriad health-supporting applications. However,
one of the greatest challenges that limits their use is small production from plant cells. Plant cells
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and
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[46].
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is
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engineered
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bonds 9).(Scheme
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with bonds,
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upAdditionally,
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a variety of
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entity through
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a variety
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and
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directed[47].
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forchallenge
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by
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[48].diversity [48].
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structure
2.2.2. Enzymes
Enzymes Applied
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pharmaceutical,
agrochemical,
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industrial
applications.
In
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various
synthetic
important pharmaceutical, agrochemical, or industrial applications. In principle, various synthetic
routes catalyzed
catalyzed by
by different
different enzymes,
enzymes, including
including hydrolases,
hydrolases, oxidoreductases,
oxidoreductases, or
or transferases,
transferases, can
can be
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routes
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for the
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production of
of optically
optically active
active primary
primary amines.
amines. However,
However, amine
amine transaminases
transaminases offer
offer
applied
a
unique
way
to
obtain
pure
amine
enantiomers
directly
from
prochiral
ketones.
Moreover,
these
a unique way to obtain pure amine enantiomers directly from prochiral ketones. Moreover, these
catalysts elucidate
enantioandand
regioselectivity.
UntilUntil
now, now,
compared
to many
catalysts
elucidatepronounced
pronounced
enantioregioselectivity.
compared
to(S)-selective
many (S)amines
transaminases
(S-ATAs),
only
a
few
(R)-amine
transaminases
(R-ATAs)
were
commercially
selective amines transaminases (S-ATAs), only a few (R)-amine transaminases (R-ATAs) were
available and extensively
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such as
AspTersuch
fromasAspergillus
terreus,
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from
commercially
available and
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R-ATAs
AspTer from
Aspergillus
terreus,

PenChry from Penicillium, etc., showed excellent conversion rates (>99%) and enantiomeric purities
of >99% ee when they were exploited to catalyze the asymmetric synthesis of targeted amines (Scheme
10) [49].
Regioselectivity is a major challenge in amine transformations due to two or more reactive
centers in the molecule. Various (S)- and (R)-stereoselective ω-transaminases have provided
protecting group-free strategies for the bio-amination of diketone compounds. A number of 1,5-
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spontaneous ring-closure reaction (Scheme 11), in which Δ1-piperideines were produced.
Diastereoselectively reducing these products yields a second chiral center, which will provide the
Penicillium,
showed chiral
excellent
conversion ratespiperidines.
(>99%) and Their
enantiomeric
when
possibility etc.,
of making
2,6-disubstituted
methodpurities
is oneofof>99%
the ee
shortest
they
were
exploited
to
catalyze
the
asymmetric
synthesis
of
targeted
amines
(Scheme
10)
[49].
synthetical protocols to date that expands the toolbox for more selective amine transformations [50].
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Mutants of P450 enzymes such as P411Bm3-CIS are capable of the amination of 2,4,6-triethylben-zene1-sulfonylazide and its analogues, with excellent enantioselectivity of 430 total turnover numbers and
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Chemically, the synthesis of optically pure L-tert-leucine has low yields and enantio-purity.
Nevertheless, many enzyme-catalyzed reactions were obstructed, with merely 50% yields. Recent
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in nature, (Scheme
synthetic13).
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to other
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high temperatures. In addition, large scale
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and
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experimental results indicated that the enzyme has the highest space-time yield (over 80%) among
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and 86%
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damselae (Pd2, 6ST) [56] could easily circumvent this issue. Pd2, 6ST could identify the terminal
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Neu5Acα2−6GalNAc, respectively, in the presence of N-acetylneuraminic acid (Neu5Ac). This novel
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In organic synthesis, the introduction of halogen substituents, especially in mechanistically
In organic synthesis, the introduction of halogen substituents, especially in mechanistically lessless-favored positions, remains a challenge. The antibiotic compound pyrroindomycin B was initially
favored positions, remains a challenge. The antibiotic compound pyrroindomycin B was initially
isolated by Ding’s research group in 1994 [60]. The molecule is composed of a pyrroloindole entity and
isolated by Ding’s research group in 1994 [60]. The molecule is composed of a pyrroloindole entity
a polyketide macro-ring system with a tetramic acid functional group, covalently appended to each end
and a polyketide macro-ring system with a tetramic acid functional group, covalently appended to
of an unbranched deoxytrisaccharide. The indole ring moiety of pyrroindomycin B is halogenated at the
each end of an unbranched deoxytrisaccharide. The indole ring moiety of pyrroindomycin B is
C5 position. As the indole ring is a derivative of tryptophan, typtophan 5-halogenase is responsible for
halogenated at the C5 position. As the indole ring is a derivative of tryptophan, typtophan 5the biosynthesis of pyrroindomycin B in Streptomyces rugosporus LL-42D005. The disruption mutation
halogenase is responsible for the biosynthesis of pyrroindomycin B in Streptomyces rugosporus LLof the tryptophan 5-halogenase gene resulting in the nonhalogenated pyrroindomycin confirmed this
42D005. The disruption mutation of the tryptophan 5-halogenase gene resulting in the
theory [61].
nonhalogenated pyrroindomycin confirmed this theory [61].
C-1027 or lidamycin is an antitumor antibiotic comprising a reactive enediyne chromophore and
C-1027 or lidamycin is an antitumor antibiotic comprising a reactive enediyne chromophore and
an apoprotein unit (CagA). The chromophore readily generates benzenoid diradical intermediate,
an apoprotein unit (CagA). The chromophore readily generates benzenoid diradical intermediate,
which is capable of separating hydrogen atoms from the DNA backbone in the presence of free
which is capable of separating hydrogen atoms from the DNA backbone in the presence of free
oxygen. The destruction of DNA is associated well with cytotoxicity. The bioactive chromophore
oxygen. The destruction of DNA is associated well with cytotoxicity. The bioactive chromophore has
has three chemical subunits that are covalently bonded to the nine-membered enediynes, including
three chemical subunits that are covalently bonded to the nine-membered enediynes, including (S)(S)-3-chloro-4,5-dihydroxy-β-phenylalanine component. This moiety is synthesized from L-α-tyrosine
3-chloro-4,5-dihydroxy-β-phenylalanine component. This moiety is synthesized from L-α-tyrosine
catalyzed by six proteins, one of which is SgcC3. The intermediate (S)-β-tyrosyl-S-SgcC2 can be
catalyzed by six proteins, one of which is SgcC3. The intermediate (S)-β-tyrosyl-S-SgcC2 can be
regioselectively chlorinated by SgcC3 (Scheme 19). The study indicated that the activity of that
enzyme is oxygen and FADH2 dependent [62].
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enzymatic enantioselectivity improvement [67,68]. Tert-butyl methyl ether (TBME) provided an
excellent reaction environment for the lipase Amano PS from Burkholderia cepacia (BCL). Acylation
reaction gave (R)-monoesters with 81%–99% ee enantiomeric purity (Scheme 23), due to the selectivity
of enantio-topic hydroxyl groups [69].
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Scheme 23. Acylation of the prochiral 1-(([1,3-dihydroxypropan-2-yl]oxy)methyl)-5Scheme 23. Acylation of the prochiral 1-(([1,3-dihydroxypropan-2-yl]oxy)methyl)-5-methylpyrimidinemethylpyrimidine-2,4(1H,3H)-dione and the hydrolysis of the corresponding diesters in the presence
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of 2,4(1H,3H)-dione
a lipase under various
various conditions.

Allenes are flexible synthetic precursors of numerous axially chiral compounds, with important
industrial applications. Many stereoselective methods have been developed to synthesize these
chiral allenes, most of which start from a racemic mixture. Thus, the yield of the allene resolution
is always limited. However, exploiting prochiral substrates in enzyme-catalyzed transesterification
reactions is a pronounced approach to overcome the limitation of yields. Sapu’s work suggests
that porcine pancreatic lipase (PPL) is an excellent biocatalyst for the kinetic resolution of allenols
(Scheme 24). The enzyme is also suitable for the transesterification of diols with similar structures.
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Scheme
Desymmetrization
allendiols.
Scheme 23. Acylation
of 24. the
prochiral of
1-(([1,3-dihydroxypropan-2-yl]oxy)methyl)-5monoesters
with
95%
yield
and
98%
ee
under
modified
conditions.
One can conclude that this powerful
methylpyrimidine-2,4(1H,3H)-dione and the hydrolysis of the corresponding diesters in the presence
chemoenzymatic
protocol
either enantiomer of optical allenyl monoesters accessible [70].
of a lipase under
variousmakes
conditions.

Scheme 25. Regioselective enzymatic procedure for 5’-O-benzoylation of 2’-deoxynucleosides.

Xiao et al. (Scheme 26) developed a new method to prepare enantiopure caffeic acid amides with
an asymmetric aminolysis reaction between the cinnamic acid ester and (R, S)-α-phenylethylamine,
which is catalyzed by an immobilized lipase (Novozym 435) from Candida antarctica. They optimized
Scheme
24. conditions,
the reaction conditions, and under
those
high enantioselectivity
for the enzymatic
Desymmetrization
of allendiols.
reaction was gained, with an enantiomeric excess of 98.5% [75]. Intermolecular aziridination is a
highly enantioselective and valuable synthetical organic reaction that has no known natural
equivalent. An engineered, genetically encoded enzyme, cytochrome P450, demonstrated high
enantioselectivity, with up to 99% ee for intermolecular aziridination, and it can be easily optimized

Scheme 23. Acylation of the prochiral 1-(([1,3-dihydroxypropan-2-yl]oxy)methyl)-5methylpyrimidine-2,4(1H,3H)-dione and the hydrolysis of the corresponding diesters in the presence
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of a lipase under various conditions.

Traditionally, the selective benzoylation of the 50 -hydroxyl group of thymidine requires highly
toxic hexamethylphosphoric triamide and produces a by-product, triphenylphosphine oxide, that is
difficult to remove [71]. Other alternative routes are either time consuming and/or have moderate
yields [72,73]. Enzyme-catalyzed acylation is a substitute for standard synthetic methods that can
avoid these complications. Enzyme Candida Antarctica lipase B (CAL-B) proved to have high selectivity
over 50 -hydroxyl in the transesterification and to be reclaimed (Scheme 25). The benzoylation protocol
catalyzed by CAL-B is a mild and efficient synthetic method for 50 -O-benzoyl-20 -deoxynucleosides,
with excellent yields (over 89%). Easy scalability, minimal environmental impact, and recycling of both
enzyme and acylating agent make
this 24.
pathway
very attractive
for industrial applications [74].
Scheme
Desymmetrization
of allendiols.

Scheme 25. Regioselective enzymatic procedure for 5’-O-benzoylation of 2’-deoxynucleosides.
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As already delineated, the lipase extracted from Pseudomonas aeruginosa (PAL) has been proven
to be effective in catalyzing the stereoselective hydrolytic kinetic resolution of a chiral ester. Manfred
T. Reetz and coworkers applied iterative saturation mutagenesis (ISM) to maximize the quality of
mutant libraries. They were able to subject ISM to systematic and rigorous comparison with directed
evolution methods such as error-prone polymerase chain reaction (epPCR), saturation mutagenesis,
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Enantio-pure ethyl- and methyl-3-hydroxyglutaric monocarboxylic acids have numerous
industrial applications. The hydrolysis of prochiral diethyl- and dimethyl-3-hydroxy glutarates is one
way to obtain these chiral molecules. Jacobsen’s work has demonstrated that lipase B from Candida
Antarctica (CALB) is suitable for catalyzing in both hydrolysis and ammonolysis reactions. Moreover,
the CALB enzyme provided high efficiency in the hydrolysis of diethyl-3-hydroxyglutarate, with up
to 91% ee (Scheme 31). The hydrolase is reusable, with the preservation of excellent selectivity and
activity [79].
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Enantio-pure ethyl- and methyl-3-hydroxyglutaric monocarboxylic acids have numerous
industrial applications. The hydrolysis of prochiral diethyl- and dimethyl-3-hydroxy glutarates is one
way to obtain these chiral molecules. Jacobsen’s work has demonstrated that lipase B from Candida
Antarctica (CALB) is suitable for catalyzing in both hydrolysis and ammonolysis reactions. Moreover,
the CALB enzyme provided high efficiency in the hydrolysis of diethyl-3-hydroxyglutarate, with up
to 91% ee (Scheme 31). The hydrolase is reusable, with the preservation of excellent selectivity and
activity [79].
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Chiral bicyclic diols are potentially important synthetic intermediates. In the past, dynamic kinetic
resolution (DKR) has been one of the most extensively used methods of asymmetric synthesizing
enantioselective pure primary amines or secondary alcohols. Thus, a modified method called enzymeand ruthenium-catalyzed dynamic kinetic asymmetric transformation (DYKAT), developed by Patrik
Krumlinde and coworkers, was employed to synthesize the diacetates of bicyclic diols, with high
enantioselectivity (99.9% ee). The DYKAT protocol gives high enantio- and diastereoselectivities
(Scheme 32). Compared to synthetic chemistry, their work has illustrated that the synthesis of
enantioselective
sertraline
from racemic cis/trans diol (n = 2) can be achieved with a higher yield
[80].
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Husain and coworkers. In this study, the stereoselective synthesis of (R)-2-hydroxy carbonyl
compounds catalyzed by benzaldehyde lyase from Pichia. Glucozyma (BAL) was carried out as the
critical step, in which an aliphatic and an aromatic ketone were used as reactants. Corresponding
compounds with high optical purity (ee%, >97%) were obtained from the enzymatic reaction. This
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Catalysts
2020, 10, 832
of 25
with unprotected substrate [83].

Scheme 34. Stereochemistry
Stereochemistry of
of the
the reaction catalyzed by aldolases.

A new
synthesizing
syn- method
or anti-2-hydroxy
diols was studied
Wu
et al.approach
(Scheme to
35)stereoselectively
established a practical
biocatalytic
to prepare L-norephedrine,
in
by Husain
and coworkers.
In this
study, the stereoselective
synthesis
of (R)-2-hydroxy
carbonyl
which
an R-selective
pyruvate
decarboxylase
from Saccharomyces
cerevisiae
and an S-selective
ωcompounds catalyzed
by fluvialis
benzaldehyde
lyase
from Pichia.
Glucozyma
carried
out60%,
as the
transaminase
from Vibrio
JS17 were
tandemly
applied.
With a(BAL)
molarwas
yield
of over
de
critical step, in which
aliphatic
and an aromatic
ketone
used asthan
reactants.
(diastereomeric
excess)anand
ee (enantiomeric
excess)
valueswere
of greater
99.5% Corresponding
were achieved
compounds
high optical purity
(ee%, [84].
>97%)
obtained from
the enzymatic
reaction.
through
thewith
enzyme-catalyzed
reaction
Inwere
the presence
of carbon
dioxide as
a C-1 This
unit,new
the
approach
provides
a
new
solution
to
selectively
synthesize
pure
synor
anti-2-hydroxy
diols
with
enzymatic carboxylation of para-hydroxystyrenes by phenolic acid decarboxylases synthesizes into
unprotected substrate
(E)-cinnamic
acids at [83].
a conversion rate of up to 40%. Wuensch’s study revealed that this novel
Wu
et
al.
(Scheme
35) established
practical biocatalytic
method counterpart
to prepare L-norephedrine,
enzyme-catalyzed β-carboxylation
has noa traditional
chemical synthesis
[85].
in which an R-selective pyruvate decarboxylase from Saccharomyces cerevisiae and an S-selective
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